Pomegranate fruit extract (PE) rich in polyphenols has been shown to exert chondroprotective effects, but the mechanism is not established. Here, we used an in vitro model of inflammation in osteoarthritis (OA) to investigate the potential of PE to suppress interleukin 1 beta (IL-1β)-stimulated expression of inflammatory cytokine IL-6, generation of reactive oxygen species (ROS) levels, and investigated the mechanism of NF-κB inhibition by analyzing the activation of the kinases upstream of IκBα in primary human chondrocytes. Total and phosphorylated forms of kinases and expression of IL-6 were determined at protein and mRNA levels by western immunoblotting and Taqman assay, respectively. Dihydrorhodamine 123 staining estimated ROS generation. Pomegranate fruit extract inhibited the mRNA and protein expression of IL-6, generation of ROS, and inhibited the IL-1β-mediated phosphorylation of inhibitor of nuclear factor kappa-B kinase subunit beta (IKKβ), expression of IKKβ mRNA, degradation of IκBα, and activation and nuclear translocation of NF-κB/p65 in human chondrocytes. Importantly, phosphorylation of NF-κB-inducing kinase was blocked by PE in IL-1β-treated human OA chondrocytes. Taken together, these data suggest that PE exerts the chondroprotective effect(s) by suppressing the production of IL-6 and ROS levels. Inhibition of NF-κB activation by PE was blocked via modulation of activation of upstream kinases in human OA chondrocytes.
INTRODUCTION
Inflammation has emerged as an important contributing factor in the pathogenesis of osteoarthritis (OA), the most common degenerative disease of the joints. Interleukin 6 (IL-6) is one of the major inflammatory cytokine implicated in cartilage damage due to its profound effect on both anabolic and catabolic cartilage physiology (Haseeb et al., 2017) . Significant correlations have been reported between levels of IL-6 in the serum as well as in synovial fluid and OA severity (Stannus et al., 2010) . Further, IL-6 has been shown as a crucial mediator of matrix metalloproteinase-13 (MMP-13) expression, a major protease involved in cartilage degradation (Suzuki et al., 2010; Haseeb et al., 2017) . NF-κB is an important regulator of IL-6 transcription in chondrocytes and has been identified as an important target of therapeutic strategies aimed at the treatment of OA (Roman-Blas and Jimenez, 2006; . Interleukin 1 beta (IL-1β) activates NF-κB signaling pathway by binding its specific cell surface receptor, IL-1 receptor I that leads to activation of IκB kinases (IKKs) and subsequent phosphorylation and ubiquitin-mediated proteosomal degradation of IκB resulting into activation and nuclear translocation of NF-κB. Recent studies suggest that some phytochemicals may prevent cartilage degradation by inhibiting the productionof catabolic mediators in OA.
The pomegranate fruit extract (PE) is a rich source of polyphenols and possesses potent antioxidant properties (Noda et al., 2002) . The bioavailable constituents of PE were reported as potent suppressors of COX-2 activity and IL-1β-induced prostaglandin E2 production in human chondrocytes in vitro (Shukla et al., 2008) . We have also shown that PE and one of its constituent, delphinidin, exhibit strong chondroprotective effects and act by inhibiting the IL-1β-induced proteoglycan breakdown, expression of MMPs, and IL-1β-induced activation of NF-κB in human chondrocytes (Ahmed et al., 2005; . Here, we investigated the effect of PE on expression of inflammatory cytokine IL-6 and its regulatory transcription factor NF-κB in IL-1β-stimulated primary human OA chondrocytes by determining the effect on the activation of the kinases upstream of IκBα including inhibitor of nuclear factor kappa-B kinase subunit beta (IKK-β) and NF-κB-inducing kinase (NIK). We also determined effects of PE on IL-1β-induced oxidative stress by measuring the levels of reactive oxygen species (ROS) in OA chondrocytes.
MATERIALS AND METHODS
Reagents. Media and reagents for cell culture were purchased either from HyClone Laboratories (Logan, UT, USA) or from Invitrogen (Carlsbad, CA, USA). Pronase and Collagenase were purchased from Roche Diagnostics (Indianapolis, IN, USA). Recombinant human IL-1β was purchased from R&D Systems (St. Paul, MN, USA). Primary antibodies against IκB, phospho-IκB, IKK-β, Phospho-NIK, and β-actin were from Santa Cruz Biotechnologies (Santa Cruz, CA, USA) and antibodies against IKKα, phospho-IKKα/β, NIK, and horseradish peroxidase conjugated secondary antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA).
Preparation and chemical composition of the polyphenol-rich PE used in the study have been described earlier (Rasheed et al., 2010; Shukla et al., 2008) . The pomegranate fruit extract is a rich source of two types of polyphenolic compounds: anthocyanins (such as delphinidin, cyanidin, and pelargonidin), which give the fruit and juice its red color, and hydrolyzable tannins (such as punicalin, pedunculagin, punicalagin, gallagic, and ellagic acid), which account for 92% of the antioxidant activity of the whole fruit (Malik et al., 2005; Akhtar et al., 2017) .
Preparation of primary human chondrocytes. The study protocol was reviewed and approved by the Institutional Review Board of Northeast Ohio Medical University, Rootstown, OH, as 'non-human subject study under 45 CFR' and that no informed consent was needed. Discarded and de-identified knee or hip joint cartilage samples were collected through the NIH supported National Disease Research Interchange per the IRB approved protocol. The unaffected areas of the cartilage were used as source to isolate OA chondrocytes by enzymatic digestion as previously described (Haseeb et al., 2017) . At about 80% confluence, OA chondrocytes were serum starved overnight and were then treated with 50 μg/mL PE for 2 h followed by treatment with human recombinant IL-1β (10 ng/mL) for different times.
Western immunoblotting. After treatments, OA chondrocytes were harvested, washed with cold phosphate-buffered saline, and lysed in ice-cold Radioimmunoprecipitation assay (RIPA) buffer as described previously (Haseeb et al., 2017 . Equivalent amounts of lysate protein (20 μg) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred, and blots were developed as described earlier (Haseeb et al., 2017) .
Measurement of NF-κB/p65 activation by ELISA. Activation of NF-κB and DNA-binding activity assay was performed using Trans-AM ELISA kit (Active Motif, Carlsbad, CA, USA). Briefly, chondrocytes were treated as described earlier for the indicated times, and nuclear extracts were prepared using the nuclear extract kit (Active Motif). A total of 15 μg of the nuclear extract was used to determine the activity of NF-κB as per manufacturer's instruction.
RNA isolation and real-time polymerase chain reaction analysis of IL-6 and IKKβ gene expression. Chondrocytes treated as mentioned earlier were harvested and total RNA was isolated using Trizol® reagent, and cDNA was synthesized as described previously (Haseeb et al., 2017) . The mRNA expression of IL-6 and IKKβ was quantified using TaqMan Gene Expression Assays (Integrated DNA technology) as previously described (Haseeb et al., 2017) . Relative expression levels were calculated using the 2 À ΔΔC T method.
Measurement of reactive oxygen species levels. Osteoarthritis chondrocytes were pretreated with PE (50 μg/mL) for 2 h and then labeled with DHR123 (5 μM) for 0.5 h followed by stimulation with IL-1β (1 ng/mL) for 5 min. Cell suspension of chondrocytes was prepared and ROS levels were estimated by measuring the oxidation of dihydrorhodamine 123 (DHR123) using BDAccuri C6 flowcytometer by analyzing DHR positive cells using FlowJo software as described previously .
Statistical analysis. Each experiment was repeated on primary chondrocytes obtained from different patients to ensure reproducibility of the data. Values shown are mean ± SD and were compared using two-tailed Student's t-test. A p-value < 0.05 was considered significant. Data were plotted using the Origin 8.1 software.
RESULTS
Inhibition of IL-1β-induced mRNA and protein expression of IL-6 by pomegranate fruit extract in human osteoarthritis chondrocytes Because IL-6 has emerged as an important inflammatory mediator associated with the pathogenesis of OA, we determined the effect of PE on the expression of IL-6 in IL-1β-stimulated OA chondrocytes. Our data shown in Fig. 1A demonstrate that stimulation of human OA chondrocytes with IL-1β results in profound induction of IL-6 mRNA expression, whereas pretreatment of OA chondrocytes with PE significantly blocked the IL-1β-mediated high levels of IL-6 mRNA expression in a dose-dependent manner. Inhibitory effect on IL-6 mRNA expression was also mimicked at the protein levels, which were also significantly suppressed by pretreatment of human OA chondrocytes with PE (Fig. 1B) . These results indicated that PE exerts a potent antiinflammatory effect through the effective suppression of IL-6 mRNA and protein expression in OA chondrocytes under pathological conditions.
Pomegranate fruit extract suppressed the IL-1β-mediated generation of reactive oxygen species in human osteoarthritis chondrocytes Because oxidative stress plays an important role in OA pathogenesis, we determined whether PE has suppressive effect on IL-1β-induced oxidative stress in OA chondrocytes. The level of oxidative stress was determined by measuring the ROS levels using oxidation-sensitive dye DHR123, and results showed that IL-1β treatment significantly increased the ROS production in OA chondrocytes, which was significantly Figure 1 . Pomegranate fruit extract (PE) inhibited interleukin 1 beta (IL-1β)-induced expression of IL-6 and generation of reactive oxygen species in human osteoarthritis (OA) chondrocytes: OA chondrocytes were pretreated with PE (1-50 μg/mL) followed by treatment with IL-1β (10 ng/mL) for indicated times. Cell lysate were prepared using RIPA buffer for immunoblot analysis, or RNA were isolated for real-time polymerase chain reaction (PCR) analysis. (A) Expression of IL-6 was measured by quantitative PCR using the TaqMan assay system (Life Technologies). β-actin was used as endogenous expression control. (B) Protein expression of IL-6 was investigated by immunoblotting using antibodies against indicated protein. β-actin was used as a control for equal loading. (C) Chondrocytes treated with PE and stained with dihydrorhodamine 123 (DHR123) (5 μM, 0.5 h) were stimulated with IL-1β (1 ng/mL) for 5 min at 37°C, and 20,000 cells in each group were acquired using a flowcytometer. Flow cytometric histograms showing DHR + ve cells were analyzed using FlowJo software. Data points represent mean ± SD from three replicates. *p ≤ 0.01, as compared with control; # ≤0.01, as compared with IL-1β. [Colour figure can be viewed at wileyonlinelibrary.com] Figure 2 . Pomegranate fruit extract (PE) inhibited interleukin 1 beta (IL-1β)-induced activation of NF-κB in human osteoarthritis (OA) chondrocytes. Osteoarthritis chondrocytes were pretreated with PE (50 μg/mL) followed by treatment with IL-1β (10 ng/mL) for indicated times. Cell lysate were prepared using RIPA buffer for immunoblot analysis or RNA were isolated for real time PCR analysis. (A) Nuclear cell lysate (15 μg) was used for the ELISA-based p65 DNA-binding activity assay using trans-AM kit (active motif). (B) IκBα degradation was investigated by immunoblotting using antibodies against indicated protein. β-actin was used as a control for equal loading. (C) Protein expression of phospho-IKKα/β and total IKKα/β were investigated by immunoblotting using specific antibodies. (D) mRNA expression of IKKβ was measured by quantitative polymerase chain reaction using the TaqMan assay system (Life Technologies). β-actin was used as endogenous expression control. (E) Protein levels of phospho-NIK were investigated by immunoblotting using specific antibody. Immunoblot results are representatives of two blots performed on samples obtained from two individuals. *p ≤ 0.01, as compared with control; # ≤0.01, as compared with IL-1β. suppressed by pretreatment of OA chondrocytes with PE (Fig. 1C) . These results indicated that PE was effective in relieving IL-1β-induced oxidative stress by suppressing the production of excessive ROS in OA chondrocytes.
Pomegranate fruit extract inhibited the IL-1β-induced activation and DNA-binding activity of NF-κB/p65 in human osteoarthritis chondrocytes Because IL-6 is transcriptionally regulated by NF-κB (Roman-Blas and Jimenez, 2006; , we determined the effect of PE on the activation and activity of NF-κB in IL-1β-stimulated OA chondrocytes. As shown in Fig. 2A , IL-1β-stimulation results in seven-fold activation of NF-κB/p65 within 30 min of treatments compared with untreated control. Interestingly, pretreatment with PE significantly inhibited IL-1β-mediated activation and DNA binding of NF-κB/ p65 (p < 0.05) ( Fig. 2A) .
Because IL-1β stimulation results in proteasomal degradation of IκBα, the inhibitory unit of NF-κB, we evaluated the effect of PE on the degradation of IκBα after stimulation with IL-1β in OA chondrocytes. As shown in Fig. 2B , IL-1β caused a rapid degradation of IκBα (within 15 min), which was partially restored after 1 h. Pretreatment of OA chondrocytes with PE significantly inhibited the IL-1β-mediated IκBα degradation (p < 0.05) at 15 and 30 min' post-stimulation (Fig. 2B) . These results suggest that PE exert its IL-6 suppressive effect through the inhibition of NF-κB activation in OA chondrocytes.
Pomegranate fruit extract inhibited the phosphorylation of IKKα/β and downregulated the expression of IKKβ at protein and mRNA levels in human osteoarthritis chondrocytes IκBα was degraded by its phosphorylation by the upstream IKKs complex (O'Neill and Greene, 1998); we investigated the effect of PE on the activation of IKKs in IL-1β-stimulated OA chondrocytes. As shown in Fig. 2C , IL-1β caused maximum phosphorylation of IKKα/β at 15 min' post-stimulation, whereas pretreatment with PE completely blocked the IL-1β-induced phosphorylation of IKKα/β. To determine whether the phosphorylated subunit was IKKα or IKKβ, we immunoprecipitated the respective proteins from the cell lysate using validated anti-IKKα or anti-IKKβ antibodies and then probed the immunoprecipitated proteins by western blotting using anti-phospho-IKKα/ β antibody. These data showed that IKKβ was phosphorylated (activated), but phoshphorylation of immunoprecipitated IKKα protein was not detected using the anti-phospho-IKKα/β antibody and western blotting (data not shown). Interestingly, pretreatment of OA chondrocytes with PE also significantly downregulated the expression level of total IKKβ (Fig. 2C) . To further investigate whether this downregulation was at transcriptional level, we performed TaqMan assay and indeed found a decrease in IKKβ mRNA levels in OA chondrocytes upon PE treatment in a dose-dependent manner (Fig. 2D) .
Pomegranate fruit extract inhibited the intrinsic as well as IL-1β-induced phosphorylation of NF-κB-inducing kinase in human osteoarthritis chondrocytes Interleukin 1 beta-mediated phosphorylation of IKKs is mediated by activated upstream kinase NIK (O'Neill and Greene, 1998) ; therefore, to determine if the observed inhibition of IKK phosphorylation was due to the inhibition of NIK, we analyzed the activation of NIK in human OA chondrocytes stimulated with IL-1β in the presence or absence of PE. Our results showed that PE significantly inhibited the IL-1β-induced phosphorylation of NIK in human OA chondrocytes (Fig. 2E) . Taken together, these results suggest that PE suppressed NF-κB activation by inhibiting the activation of the upstream kinase NIK in IL-1β-stimulated OA chondrocytes.
DISCUSSION
Inflammation has now emerged as a characteristic feature of OA pathophysiology. Inflammatory cytokines such as IL-1β, TNF-α, and IL-6 are present at high levels in OA joints and are the major mediators of disturbed chondrocyte function and cartilage degeneration. Interleukin 1 beta is believed to be an important cytokine involved in the pathogenesis of OA because of its ability to stimulate other inflammatory cytokines and chemokines. In the present study, we show that IL-1β strongly stimulated the expression of inflammatory cytokine IL-6 in cultured primary human OA chondrocytes, and PE treatment significantly suppressed these stimulatory effects of IL-1β. Because we found that expression of IL-6 mRNA was suppressed, we suspected that PE might be acting through the suppression of its transcription. Earlier studies have established the role of NF-κB in the transcriptional regulation of IL-6 (Roman-Blas and Jimenez, 2006; , and our data showed that treatment of OA chondrocytes with PE significantly suppressed the activation of NF-κB in IL-1β-stimulated OA chondrocytes ( Fig. 2A-E) .
Pomegranate fruit extract is a rich source of bioavailable flavonoids rich in antioxidant activity (Noda et al., 2002) . Our data showing strong inhibitory effects of PE on IL-1β-mediated induction of oxidative stress confirms the previous findings (Fig. 1C) . Because NF-κB is an oxidant-sensitive transcription factor, and therefore, suppression of oxidative stress by PE may contribute to its inhibitory effect on the activation of NF-κB. We have earlier shown that PE inhibited IL-1β-induced activation of MKK-3, p38α, and transcription factor RUNX-2 and NF-κB in human OA chondrocytes (Ahmed et al., 2005; Rasheed et al., 2010) . Data presented in this study are in agreement with our publication (Ahmed et al., 2005; Rasheed et al., 2010) and further extend our knowledge about the mechanism of chondroprotection by PE in OA chondrocytes by indicating a novel mechanism of inhibition of NF-κB activation through inhibition of NIK and activation and expression of IKKβ, both at mRNA and protein levels (Fig. 2C, D) . It will be interesting to further investigate the mechanism of downregulation of IKKβ expression by PE to determine if the antioxidant effect of the flavonoids present in PE has some role to play. PE also blocked both the basal and IL-1β-induced phosphorylation of NIK in human chondrocytes derived from OA cartilage (Fig. 2E) . Our earlier data showed that delphinidin blocks the NF-κB activation by inhibiting the phosphorylation of IRAK1 Ser376 and NIK in primary human chondrocytes . Because delphinidin is one of the constituents of PE, we may speculate that delphinidn in PE may be responsible for the molecular effects observed in our study, or it may be a synergistic effect of several other flavonoids present in PE.
In summary, data presented in this report show a potent inhibitory effect of polyphenol-rich PE on IL-6 expression and oxidative stress and identify the molecular mechanism of NF-κB activation through inhibition of the phosphorylation of multiple upstream kinases including NIK and IKKβ as well as downregulation of IKKβ expression in human OA chondrocytes.
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